D ynamic computed tomography myocardial perfusion imaging (CT-MPI) using adenosine-mediated vasodilation allows for quantitative measurement of perfusion parameters, such as myocardial blood flow, perfused capillary blood volume, and first-pass distribution volume.
Imaging Protocol
Patients underwent CTCA followed by adenosine-stress dynamic CT-MPI 1 to 4 weeks before ICA. A second-generation dual-source CT scanner (Somatom Definition Flash; Siemens, Forchheim, Germany) was used. We allowed 10-to 15-minute delay between CTCA and CT-MPI to minimize cross-contamination of contrast on CT-MPI. The CT-MPI scan was acquired using the ECG-triggered axial shuttle mode, where the table moves between 2 alternate positions to sample dynamic data. The dynamic data set consisted of 13 to 14 volumes of the left ventricle acquired over 30 seconds, each volume consisting of thirty-four 3-mm thick images. The total contrast volume used for the combined CTCA/CT-MPI protocol was 135 mL. A flowchart detailing patient preparation, scan, and contrast injection protocols is given in Figure I in the Data Supplement.
For CTCA, the median (interquartile range) dose length product was 235 (120-372) mGy*cm (using a conversion factor for the chest of 0.014 this corresponds to 3.3 mSv). For CT-MPI, the dose length product was 734 (627-804) mGy*cm (10.3 mSv) using 100 kV/300 mAs, and 430 (398-515) mGy*cm (6.0 mSv) using 80 kV/370 mAs.
CT-MPI Data Postprocessing
First, dynamic CT-MPI data sets underwent postprocessing using commercial software (Volume Perfusion CT Body; Siemens) by an operator with 5 years' experience of CT-MPI. The left ventricular myocardium was segmented by placing a volume of interest (VOI) using a method of blood pool removal combined with thresholding based on attenuation values. A motion correction algorithm was applied when needed. The arterial input function was sampled by drawing regions of interest on the descending aorta in both dynamic image stacks. Timeattenuation curves were created for each myocardial volumetric image element (voxel) within the VOI. Dedicated parametric deconvolution based on 2-compartment model of intra-and extravascular space was applied to fit the time-attenuation curves and compute myocardial blood flow, perfused capillary blood volume, and first-pass distribution volume. Perfused capillary blood volume (mL/100 mL) was obtained directly from the model as a function of contrast concentration in each voxel of the myocardium. Myocardial blood flow (mL/100 mL per min) was calculated as the ratio between maximum slope of the fit curve/maximum arterial input function. First-pass distribution volume (mL/100 mL) was calculated as the ratio between peak of the fit curve/ maximum arterial input function 3, 12 (Figure 2) . Parametric data were then processed by a second independent operator (also of 5 years' experience of CT-MPI), blinded to the ICA/ FFR results, using prototype software (Cardiac Functional Analysis Protocol Build Data; Siemens). 19, 20 The software used automatic segmentation of the left ventricle based on a heart model that includes the 4 cardiac chambers, as well as other anatomic landmarks (cardiac valves and ventricular septum) as control points. Endocardial and epicardial contours of the left ventricle were segmented automatically, with the option of manual contour correction. From the resulting segmentation, polar maps were generated (bulls-eye plots based on 17-segment AHA model 21 ) for each perfusion parameter.
CT-MPI Clinical Analysis Methods
From this point onward, we applied 2 prespecified clinical analysis methods in all cases, that is, fully automatic and semiautomatic ( Figure 2 ). Patients with symptoms suggestive of coronary artery disease were referred for invasive coronary angiography (ICA) and prospectively enrolled to undergo computed tomography myocardial perfusion imaging before ICA. Partial data from 45 patients included in the current study were reported previously in a proof-of-principle study.
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That report, however, did not evaluate multiparametric data and analysis methods. eGFR indicates estimated glomerular filtration rate; and FFR fractional flow reserve.
The fully automatic analysis was followed by the semiautomatic analysis, with a time interval of 12 weeks between analyses. Anonymized data sets in random order were analyzed by both approaches. Parametric lookup table display settings had range 0 to 200 mL/100 mL per min for blood flow, 0 to 15 mL/100 mL for perfused capillary blood volume, 0 to 20 mL/100 mL for first-pass distribution volume.
For the fully automatic analysis, the polar map provided segmental values for each perfusion parameter. These were derived from the endocardial layer of the myocardium, from the epicardial layer, as well as transmural (total) myocardium. Within each vascular territory (left anterior descending coronary artery, left circumflex coronary artery, and right coronary artery), 21 the segment with the lowest value was selected and used in this analysis.
For the semiautomatic analysis, VOIs of at least 0.5 cm3 were drawn manually on the perfusion polar maps, guided by the colorcoded scale. For each VOI, transmural, endocardial, and epicardial values for each parameter were provided. The endocardial/epicardial (endo/epi) ratio was calculated for each parameter. In addition, relative parameters were calculated as the ratio between the absolute parameter obtained from the manually drawn VOI and the segmental parameter corresponding to the 75% percentile of the fully automatic segmental analysis in the same patient, the latter inputted as denominator (remote myocardium).
To ensure accurate matching of coronary distribution and associated myocardial territories, the patient-specific coronary anatomy on CTCA (right, left, or balanced dominance, length of left anterior descending coronary artery) was used to decide which vessel (right coronary artery, LCA, or both) supplied the inferior and inferoseptal segments in the myocardial polar map. CTCA multiplanar reconstructions and perfusion polar maps were inspected side by side. CTCA was not used to decide whether or not a coronary vessel was causing ischemia, but only to guide the positioning of VOIs on the polar map. The reader was blinded to ICA/FFR results.
For the assessment of intra-and interobserver agreement, 37 anonymized CT-MPI studies were randomly chosen and reanalyzed by same operator after a time interval of 12 weeks and by a second blinded operator.
Invasive Coronary Angiography/Fractional Flow Reserve
During ICA, 2 interventional cardiologists (10 years' experience) visually identified intermediate coronary lesions with diameter narrowing between 30% and 90%. FFR was measured in these lesions (if deemed safe) using a sensor-tipped 0.014-inch guidewire (Pressure Wire; Radi Medical Systems, Uppsala, Sweden). The pressure sensor was positioned just distal to the lesion. FFR was calculated as the ratio of mean distal pressure measured by the pressure wire divided by the mean proximal pressure measured by the guiding catheter during rest and during maximal myocardial hyperemia induced by a continuous intravenous infusion of adenosine (140 µg·kg ICA images were further analyzed offline on multiple projections by a single observer (7 years' experience) blinded to the CT-MPI results. The most severely diseased segment in each coronary vessel was identified to derive the percentage diameter narrowing using validated quantitative coronary angiography (QCA) software (QAngio XA, 7.3; Medis, Leiden, the Netherlands). A, Attenuation changes in the aorta and in the myocardium were used to construct arterial input function (red curve) and tissue time attenuation curves (blue line), respectively. Curves were fit to a dedicated 2-compartment model (intra-and extravascular spaces). Perfused capillary blood volume (PCBV) was derived from the model. Myocardial blood flow (BF) and first-pass distribution volume (FPDV) were calculated from the fit curves, as shown. B, Fully automatic analysis of BF, PCBV, and FPDV. Parameter values were available for each myocardial segment of the polar map according to the 17-segment American Heart Association model. In each vascular territory of the myocardium, the segment with the lowest value for each parameter was picked and compared with invasive coronary angiography (ICA)/fractional flow reserve (FFR) for the detection of ischemia. C, In the semiautomatic analysis, volumes of interest (VOIs, circles) were placed manually on the polar map, guided by color-coding regardless of the segmental grid imposed by the 17-segment model. Color scales: BF, 0 to 200 mL/100 mL per min; PCBV, 0 to 15 mL/100 mL; FPDV, 0 to 20 mL/100 mL. AIF indicates arterial input function; HU, Hounsfiled unit; LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; RCA, right coronary artery; and TAC, time-attenuation curve. Clinical Analysis of Dynamic CT-MPI
Prespecified Reference Standard
Lesions producing 30% to 90% visual coronary narrowing on ICA were classified as ischemic or nonischemic based on FFR findings. Vessels with FFR ≤0.80 were called ischemic (ie, hemodynamically significant), those with FFR >0.80 were called nonischemic.
Lesions where FFR could not be obtained because of safety reasons were classified as follows based on QCA. Lesions with ≥80% diameter narrowing on QCA were adjudicated as ischemic. Lesions with <30% diameter narrowing on QCA were adjudicated as nonischemic. 18 This was based on the observation that a QCA 80% stenosis is likely to correspond to a 90% visual stenosis. 22 Lesions without an FFR producing QCA 30% to 80% diameter narrowing were excluded from the analysis.
Statistical Analysis
Data were analyzed using commercial software (IBM SPSS Statistics for Macintosh, version 22.0; IBM Corp, Armonk, NY; and STATA Statistical Software: release 14; StataCorp LP, College Station, TX). Results were reported in accordance with the STARD criteria (Standards for Reporting of Diagnostic Accuracy). 23 Continuous variables were presented as means±standard deviations or medians with interquartile ranges. Categorical variables were shown as frequencies and percentages.
The diagnostic performances of the different analysis methods were determined against the reference standard FFR/QCA. We obtained receiver-operating characteristic curves for: (a) fully automatic and semiautomatic analyses; (b) transmural, epicardial, and endocardial analyses; (c) myocardial blood flow, perfused capillary blood volume, and first-pass distribution volume; and (d) absolute and relative perfusion parameters. Areas under the curve (AUCs) were compared using the DeLong test, and P values were adjusted for multiple comparisons using the Bonferroni correction. Optimal cutoff values were identified for each parameter using the Youden index. A vesselbased analysis was performed; therefore, the clustered nature of the data (3 vessels per patient or 2 in left coronary dominance) was adjusted for using logistic generalized estimating equations. 24 Perfusion parameters were plotted against invasive FFR, and differences in the median perfusion parameters among the 5 FFR ranges were tested using the Kruskal-Wallis test and Mann-Whitney U test.
Intra-and interobserver agreement was evaluated using intraclass correlation coefficients.
A P value of <0.05 was considered statistically significant.
Results

Baseline Characteristics and ICA/FFR
The study included 115 patients (88 men; age 57±9 years) who underwent CT-MPI before ICA. No severe adverse reactions to adenosine or iodinated contrast agent were observed. In 15 patients with left coronary dominance, the right coronary artery was short and not included in the analysis. Forty-four vessels with 30% to 80% narrowing on QCA (in 40 patients) were excluded from the analysis because FFR measurements were not performed due to safety reasons. Therefore, 286 coronary vessels and corresponding myocardial territories were available for inclusion in this analysis ( Figure 1 ). On the basis of ICA/FFR, there were 72 of 286 (25%) vessels causing ischemia in 52 of 115 (45%) patients. Ninety-six of 286 (34%) vessels were directly interrogated with FFR (Table 1) .
Fully Automatic and Semiautomatic CT-MPI Analyses
The time needed to postprocess a CT-MPI data set was 6 to 8 minutes. For the semiautomatic analysis, the operator visually inspected the polar maps and manually positioned the 
Endocardial and Epicardial Measurements
Myocardial blood flow sampled in the endocardial layer of the myocardium (AUC, 0.87; 0.83-0.92) performed better than transmural blood flow (AUC, 0.82; 0.76-0.87) and epicardial blood flow (AUC, 0.72; 0.65-0.79; P<0.05). The endo-/epicardial ratio did not improve performance (AUC, 0.76; 0.68-0.83; Table 3 ).
Absolute and Relative Perfusion Parameters
Absolute perfusion parameters performed well (AUC range, 0.87-0.89). Although there was no statistically significant improvement in diagnostic performance with the use of relative perfusion parameters (Table 4) , when considering only intermediate lesions the AUC of relative blood flow was 9% larger than that of absolute blood flow (Table 5) . Relative blood flow had the largest AUC (AUC, 0.90; 0.85-0.95).
Relative perfused capillary blood volume was the parameter with the lowest ratio ischemic/remote myocardium (cutoffs to identify ischemia 0.64 in all vessels; 0.54 in vessels with intermediate lesions). This parameter had higher visual contrast compared with the other parameters (Figure 2) .
A significant decrease in all perfusion parameters was observed below an FFR value of 0.80 (P<0.05; Figure 3 ).
Intra-and Interobserver Agreement
The semiautomatic analysis of 97 myocardial territories (37 patients) yielded intra-and interobserver ICCs ( FN, false-negative; FP, false-positive; PPV, positive predictive value; NPV, negative predictive value; TN, true negative; and TP, true positive. *P value from DeLong test comparing AUCs of perfusion parameters. †P value from Mann-Whitney U test comparing vessels not causing ischemia vs vessels causing ischemia. ‡Cutoff value calculated according to the Youden index, except for CTCA (≥70% diameter reduction as visually assessed) whose diagnostic performance is reported for comparison. Clinical Analysis of Dynamic CT-MPI
Discussion
The main findings of this study were as follows: (1) a semiautomatic analysis of dynamic CT-MPI with minimal additional operator time performed better than fully automatic analysis (17-segment model) in the diagnosis of myocardial ischemia; (2) sampling perfusion in the endocardial layer of the myocardium made perfusion defects more conspicuous, likely a reflection of the pathophysiological wave front phenomenon of ischemia. The endo-/epicardial ratio did not improve diagnostic performance; (3) relative blood flow had the best AUC; (4) a significant decrease in perfusion was observed below an invasive FFR of 0.80. Previous studies have provided validation of dynamic CT-MPI in patients using a variety of reference standards. [7] [8] [9] [10] [11] [12] [13] [14] [15] The analysis methods used, however, were heterogeneous. Some groups used axial images of the thorax and manually drew regions of interest on the myocardium to sample blood flow, 7 whereas others manually resliced the data set into short-and long-axis views of the left ventricle according to classic cardiac planes. [9] [10] [11] [12] [13] [14] [15] These approaches were operator-dependent and time-consuming. Availability of a standardized analysis method is a prerequisite to define broadly applicable thresholds for the differentiation of normal and abnormal perfusion and implement CT-MPI in clinical practice.
Automatic software with limited user interference should benefit the standardization of the CT-MPI analysis procedure. Several commercial software packages offer segmentation of the left ventricle from CT data and the construction of polar maps (bulls-eye plots) according to standard AHA myocardial 17-segment anatomy. 19 In this study, we found that perfusion values of myocardial segments derived fully automatically did not perform as well as measurements obtained by an operator who identified areas of reduced perfusion on the color-coded polar maps. This may be explained by the fully automatic approach possibly diluting perfusion defects within a segment (partial volume effect), especially when perfusion defects are located at the border of 2 or more adjacent myocardial segments. It is likely that the operator corrected for this. Also, the quantification of perfusion parameters relies on precise demarcation of the myocardial territory downstream to a coronary vessel. Myocardial segments are usually assigned to vascular segments after assumptions based on the most frequent vascular distribution pattern. Coronary anatomy may vary affecting the boundaries of vascular territories. The standard assignment of myocardial segments to vascular territories proposed by the AHA 17-segment model may lead in some cases to incorrect identification of the target vessel. [25] [26] [27] CT can provide integrated coronary artery and myocardial anatomy. The length of vessels, such as the right coronary artery (coronary dominance), the left anterior descending coronary artery, and the number of diagonal and marginal branches are accepted determinants of myocardial segment reclassification. This study could not demonstrate significant differences between men (dark dots) and women (white dots). B, Box and whisker plots show median values (interquartile ranges) of relative blood flow, perfused capillary blood volume, and first-pass distribution volume for FFR ranges, as shown. A significant decrease in perfusion was observed below an FFR value of 0.80 (all P values <0.05). *P value from Kruskal-Wallis test; **P value from Mann-Whitney U test.
Presence of a transmural blood flow gradient through the myocardium is a well-known phenomenon. 28 The endocardial layer of the myocardium is more sensitive to ischemia than the epicardial layer because of lower autoregulatory pressure limits, higher metabolic demand, and higher oxygen consumption. This principle lies at the basis of the assessment of the transmurality 29, 30 or the transmural attenuation ratio applied in static CT-MPI to identify ischemia. [31] [32] [33] [34] Although the endocardial analysis made perfusion defects more conspicuous, in this study the endo-/epicardial ratio did not improve diagnostic performance.
Previous physiological studies using electron beam computed tomography and positron emission tomography 35, 36 showed that myocardial blood flow was a direct index of myocardial perfusion. In this study, we evaluated 2 additional parameters. First-pass distribution volume reflects the kinetics of iodinated contrast agents, which exit the vascular space and distribute throughout the intravascular and extravascular spaces. The perfused capillary blood volume quantifies the intravascular contrast agent component only. 37 Perfused capillary blood volume was associated with the lowest ischemic/remote myocardium ratio and the highest image contrast. A potential explanation may be that this parameter directly reflects the intravascular space (not extravascular) during hyperemic stress, which is characterized by fast flow. This parameter may be more sensitive than others to the functionally recruitable component of myocardial capillary vessels. 38 We hypothesize that this parameter may allow perfusion changes to be more conspicuous and easily appreciated by the operator, which may be useful for the accurate sampling of perfusion on color-coded polar maps.
Clinical Implementation of Dynamic CT-MPI
In dynamic CT-MPI, the heart is imaged repeatedly to capture the arrival of the contrast bolus and its washout during firstpass circulation. [1] [2] [3] [4] On the basis of physiological models, temporal changes in myocardial attenuation, normalized to the enhancement of the blood pool, allow for calculation of quantitative measures of myocardial perfusion. In static CT-MPI, a snapshot of myocardial attenuation is acquired as a single data set displaying the instantaneous variation in myocardial attenuation as a result of differences in perfusion. The detection of regional perfusion defects is qualitative or normalized to attenuation in the remote myocardium or left ventricular cavity. 39 Quantitative perfusion may be advantageous for uncovering balanced ischemia associated with global left ventricular reduction of blood flow, which may be disguised by qualitative approaches. Studies using positron emission tomography 40, 41 have shown the adverse prognostic value of (homogenously) reduced myocardial blood flow in the context of microvascular disease. 42 The demonstration of coronary anatomy by CTCA in conjunction with quantitative CT-MPI could allow for a comprehensive evaluation of epicardial coronary artery disease and microvascular dysfunction.
However, there are also challenges to the clinical implementation of dynamic CT-MPI. First, although values of myocardial blood flow in healthy subjects during hyperemic stress were found in the range of 200 to 500 mL/100 g per min by positron emission tomography, 43 the values in this, as well as other, CT-MPI studies were lower. Ranges of normal and abnormal blood flow obtained by positron emission tomography 44, 45 and magnetic resonance imaging 46 were also different. This may be related to study design, samples sizes, image acquisition and postprocessing methods, reference standards, as well as age and sex, coronary risk profile, and prevalence of coronary artery disease. Also, limitation of CT in the temporal sampling of the hyperemic intracapillary first pass of contrast may partly explain the difference. The first-pass extraction of iodine into the normal myocardium under hyperemia is low, and purely intravascular transit times are short. Measuring these more correctly would require a sampling rate that would significantly increase radiation exposure. 47 The underestimation predominantly affects absolute values in the normal myocardium, and as our results show, this does not seem to strongly diminish the discriminating power of CT-MPI-based blood flow. It is noteworthy that the CT-MPI-specific parameter perfused capillary blood volume, which has a smaller dependence on temporal sampling, therefore also exhibits a substantially higher ischemic contrast. Underestimation of hyperemic perfusion may also occur in the event of suboptimal adenosine vasodilator response. Based on the hypothesis that blood flow, once normalized to remote myocardium, should be less affected by these factors, Kono et al 48 and Wichmann et al 49 demonstrated a better diagnostic performance of relative blood flow compared with absolute blood flow. Our study confirmed this in territories downstream to intermediate lesions. Intermediate lesions may lead to a milder decline in perfusion compared with severe stenoses. Also, intermediate lesions may have an FFR value which sits within the known grey zone for FFR with high test-retest variability. 50 Second, adding CT-MPI to CTCA increases patient radiation and contrast agent exposure. The risk of contrast-induced nephropathy can be minimized by excluding patients with impaired kidney function. In our study, decreasing tube voltage from 100 to 80 kV was associated with 40% decrease in effective dose. Further developments, for example, improved detector technology, lower tube voltage using more powerful x-ray generators, and iterative reconstruction algorithms are expected to further decrease radiation exposure.
Study Limitations
We acknowledge some study limitations. FFR was not performed in angiographically normal or near-normal vessels and in vessels with ≥80% stenosis at QCA. This is in keeping with clinical standards. An 80% stenosis at QCA is likely to correspond to a 90% visual stenosis (oculostenotic reflex). 22 By applying this conservative approach in the study, we were unlikely to functionally misclassify anatomically severe lesions. 18, 22 Although regarded as the clinical standard of reference for functional classification of coronary disease, FFR is a measure of pressure and reflects the functional consequence of narrowing in epicardial coronary vessels. Myocardial perfusion depends on epicardial coronary disease, as well as the microvasculature within the myocardium. In our study, the presence of significant microvascular dysfunction was largely avoided by excluding patients with severely impaired left ventricular ejection fraction. Thresholds were derived in this study using the Youden index and require validation in external cohorts. The effect played by age, sex, cardiovascular risk factors, and other potential confounders also require definition in larger studies. Lastly, our study did not include patients with known coronary artery disease and previous myocardial infarction. In a patient cohort with known myocardial infarction, Bamberg et al 8 demonstrated that first-pass distribution volume was significantly lower in infarcted myocardial segments compared with ischemic but viable myocardium. Infarcted tissue is characterized by a lower density of capillary vessels compared with noninfarcted myocardium. Because first-pass distribution volume is the ratio between the peak of the myocardial time attenuation curve and the peak of the arterial input function, in infarcted areas this may translate into lower peak enhancement and lower first-pass distribution volume. 8 This observation potentially broadens the ability of CT-MPI to characterize not only ischemic versus nonischemic but also viable versus nonviable myocardium from a single dynamic scan.
Conclusions
Our study generates the hypothesis that endocardial perfusion parameters obtained by semiautomatic analysis of dynamic CT-MPI may permit robust discrimination between coronary vessels causing ischemia versus not causing ischemia.
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